Traffic problems have become a plague of the society that cannot be abolished. This work considers the city of Bangkok and its urban road traffic problem, with a particular focus on traffic light control. Managing traffic control by generating optimal traffic signal timing is one of the solutions to reduce the delay at intersections. Synchro is used as a platform to achieve two things in this work. First, to initialize optimal cycle lengths of the intersections on Sathorn road. Second, to assist in the implementation of reversible lane that involves two traffic signal lights in short distance. All of the data are obtained by the technical team of Sathorn Model project, most of which are based on the field work. A comparative analysis is conducted between optimal cycle lengths and the actual signal timing as operated by traffic police from real data collection to see the improvement of travel times in various cases.
Introduction
Fast-growing economic development in any country contributing with higher mobility not only improves living quality of the citizens, but also causes hindrance in many areas. With the rapid increase of vehicles, the city of Bangkok could not provide enough spaces to reduce the congestion which leads to critical traffic problems [1] .
World Business Council for Sustainable Development (WBCSD) has launched a project called "Sustainable Mobility Project 2.0", which Bangkok is chosen as one of the demonstrator cities where several approaches are tested to alleviate traffic problem [2] , also known as Sathorn Model [3] . As a part of it, this research's boundary is scoped to Sathorn district in Bangkok. Sathorn district is chosen as an experimental area with two major reasons. Firstly, it is a critical Central Business District (CBD) area faced with oversaturated traffic condition and the slowest travel speed in Bangkok [4] . Secondly, there can hardly be any further development due to the existing infrastructure. Therefore, it is important to create better mobility by traffic flow management.
This work focuses on the traffic light control. It is important to note that, currently, the traffic light control in Bangkok is mostly manually-operated by traffic police during peak hours. The actual green times given to each direction are varying based on situations as observed by a traffic police on the site. The results are certainly inconsistent, which is common for any system that involves human error. Theoretically, the most basic way of estimating the proper green time is by the well-known Webster's formula and its spin-offs [5] . However, in a more complicated scenario, simulators are commonly used [6] - [8] . Synchro, a macroscopic traffic optimization and simulation tool [8] , [9] , is chosen in this work. The objective of Synchro is to increase the efficiency of traffic network, thus the simulation supports complex calculations to satisfy the complicated traffic flow managing schemes. However, Synchro is developed on the basis of the American road pattern, which is right-hand traffic. However, since Thailand is a left-driving country, the network topology has been adjusted.
The purposes of this paper are to study and optimize traffic signal timing for each intersection on Sathorn Road: Sathorn-Surasak, Narinthorn, and Wittayu intersections. The results can assist the usage of signal control and further educate traffic police during critical periods along with reducing travel time for each vehicle on the road network [10] , [11] . Moreover, since Sathorn district can be considered as CBD in Bangkok, there are huge daily incoming flows every working-day morning. As a result, a reversible lane scenario has been proposed. However, in order to implement the reversible lane, traffic lights must be coordinated, especially at Narinthorn intersection, where there are two traffic lights within a short distance. This case is investigated in this work as well, which time offset of two traffic lights is the key result [8] . Furthermore, to strengthen the validity of the analysis, real data from the field are used. In particular, the effect of motorcycles [12] - [14] , typical to Bangkok, is considered. Finally, outputs from Synchro in a form of optimal green times are applied into a microscopic traffic simulation to further analyze the outcomes. While there exists several types of microscopic simulators [15] , 'SUMO' [6] is chosen. SUMO is an integral part of the Sathorn Model project, because it is an open source simulator which allows the development to be done in various ways. SUMO is also calibrated to Sathorn traffic based on data from the field. Subsequently, the results have shown some improvement for travel time.
This paper is organized as follows. The description in Section 2 explains scenarios that have been implemented in Synchro and its methodologies. The results are presented in Section 3, then the further analysis and discussion of the results come next in Section 4. Finally, Section 5 gives the conclusion.
Simulation Preparation
This section provides the description of settings of this work, as required by Synchro. All of the data are obtained by the technical team of Sathorn Model project, most of which are based on the field work.
Scenario
The scenarios conducted in Synchro are imitated from an actual situation. From 6:00 to 9:00 in the morning and from 14:00 to 20:00 in the evening are the two main periods focused on this research since these two are considered as critical time intervals. The three major intersections on Sathorn road studied in this work would be seen as isolated intersections where traffic signal phases do not need to be synchronized. Sathorn-Surasak, Narinthorn, and Wittayu intersections are drawn using Synchro itself, as shown in Fig. 1-3 , respectively, with proper direction assignment to be as realistic as possible. Evening time period is the focus of these intersections. Separately, Narinthorn intersection with the implementation of the reversible lane, as shown in Fig. 4 , is the scenario performed only in the morning. In the reversible lane case, one lane is added to Sathorn Nuea, while one lane is subtracted from Sathorn Tai. Two junctions that are controlled by traffic lights can be seen on Fig. 4 , and they must be coordinated, with similar cycle time and proper offset. 
Data Analysis
Synchro requires several input parameters to generate scenarios as similar as actual ones. Inputs are based on real data acquired by two main sources; manual data collection on July 31, 2014 by the Sathorn Model project, and from independent observations of videos taken on November 27, 2013 and July 31, 2014. From the Sathorn Model team, the data are the number of vehicles that have passed through an intersection from each direction, in the unit of the number of vehicles per 15 minutes. These amounts have been converted to the unit of vehicles per hour in this research, and referred to as volume. These values are varying for each hour. Table 1 shows an example of traffic volume obtained from real data collection. 'L' stands for turning left, 'S' for going straight and 'R' for turning right. The names of the directions are based on the names of the roads which the traffic is departing from. 
Saturation Flow Rate
The saturation flow rate is the maximum number of vehicles per lane passing through an intersection on each direction per time period. Saturation flow rates are obtained by manually counting the number of vehicles from recorded videos from Sathorn Model for both morning peak and evening peak hours, to find the maximum value. Since the videos are available at only Sathorn-Surasak intersection, the detail investigation can be made there. For other major intersections on Sathorn road, appropriate average values from Sathorn-Surasak intersection were applied. Table 2 shows the results of the observation. 
Lost Time Adjustment
Lost time adjustment is the total time lost during period of green light for vehicles [9] , where the raw data comes in a form of startup lost time. Startup lost time is needed because, in general, at the stop line there is a platoon of motorcycles blocking the route, as seen in Fig. 5 . This scenario increases startup lost time [12] . Startup lost time is based upon site survey. Since Synchro only allows the limited value of startup lost time, the maximum value has been used in this research. The startup lost time is set to be 5.5 seconds in this work. 
Implementing Traffic Light Control
Several Control strategies can be applied to traffic light control, including, for instance, pre-timed and actuated coordinated signalized intersection. All isolated intersections are assigned as pre-timed control in this work. Pre-timed signals allow the signal timing to be set equally for every cycle. Also, the duration of repeated cycle can be adjusted accordingly. On the other hand, the control type implemented on the reversible lane case is assigned as actuated coordinated signals, which allow 2 traffic lights to coordinate. The traffic light phasing in this paper is prescribed identically to the police's. Synchro provides several movements to select and create a combination of different phases. Among the patterns provided, the three control types: permitted, protected, and split are the choices that had been selected. Permitted phase allows left-turn movement too freely move without the restriction of red light but in the need to yield to oncoming traffic. Protected phase, on the other hand, each movement can only travel according to the arrow indication of signal. Lastly, split phase grants both right and straight traffic to share a single protected phase [9] .
Performance Index
The optimal cycle lengths provided by Synchro are based on delay minimization and performance index. Synchro allows users to manually adjust the data for their own satisfaction, but the outcome display is usually the best cycle length. The best cycle length can be selected from the lowest performance index (PI) [8] , [9] . The PI is calculated from
where St indicates the number of vehicle stops, and D is a total delay in seconds. Total delay is computed by adding control delay and queue delay. The control delay equals queue delay plus acceleration and minus deceleration delay, while the queue delay measures the additional delay resulted from reduction of capacity of queue on short links. In other words, the total delay is the extra time experienced by each vehicle when compared to the time needed to travel when there is no other vehicles and no traffic light.
SUMO
The outputs from Synchro are applied to the microscopic simulator SUMO [6] for detailed analysis. To ensure the validity of the microscopic model, it has been calibrated to Sathorn traffic based on data from the field. Since the calibration process and the resultant parameters are extensive and not the focus of this paper, the entire model is available to be downloaded for reference [16] .
Simulation Results
Outputs from Synchro appear in a form of summary reports with all the analysis data, and the optimal cycle lengths are the focus of this work. Cycle lengths for hourly periods are generated from the number of vehicles per hour, whereas the numbers of vehicles used in the 4-hour period cycle length are obtained by calculating arithmetic means of the number of vehicles from 4 hours. Table 3 compares the cycle lengths as calculated by Synchro and average manual time from the actual operation of the 3 intersections considered in this work. 'C' and 'P' are shorten for 'Calculated-by-Synchro' and 'Police-operation', respectively. 'Police-operation' means the average actual times as manually operated by traffic police on site. 'S' and 'R' symbolize going straight and turning right, respectively. Tables 4 -6 signify the comparison of green times given in each direction for each intersection. The names of the directions are based on the names of the roads that are given the green light.
Most of the results show that, for police operation, the green times per direction tend to be roughly the same over time. This is due to the manual operation which is largely depending on behaviour. However, the calculations show the varying optimal values. The effect is investigated more closely in Section 4. 62  35  39  26  18  31  53  23  48  55  17.00 -18.00  90  33  48  30  18  31  82  30  62  48  18.00 -19.00  47  37  29  29  18  29  43  29  43  49  19:00 -20:00  49  35  28  28  18  31  34  33  31  54  15:00 -19:00  70  35  49  28  18  31  72  27  51  56 Another result obtained from Synchro is the coordination of two traffic lights at Narinthorn intersection for possible reversible lane implementation during morning peak hours, as shown in Table 7 . For simple coordination, cycle lengths of both traffic light are set to be equal. However, to allow traffic to flow continuously, offset time is also optimized. Offset is defined as the time difference of the beginning of the green times of the first signal phase of the two traffic lights. The results show the proper values of offset, which, while seem to be common, are hard to be controlled precisely by human. For instance, if not controlled properly, the excess traffic flow on the reversible lane may end up blocking the Sueksawittaya junction, causing more delay. This highlight the importance of equipment that can automatically coordinate for actual implementation. Hence, even though this result is intended as a preparation for actual implementation, it was found to be difficult and hazardous for manual control in the field. Thus, this scenario is not compared to the actual operation as the implementation was cancelled. 
Data Comparison via SUMO
The comparisons have been made to evaluate the travel times before and after optimization. For this purpose, optimal cycle lengths from Synchro are used as inputs so as to simulate in SUMO. The analyses of travel time are given for each hour during evening peak hour period. Moreover, average of 4-hour time interval that covers the evening peak hour period is also shown. Figures 6 -8 present average travel time the vehicles took for each intersection in hourly periods and in total. Average travel times for each intersection are obtained by calculating arithmetic means from 4 directions. 'Synchro' label specifies the travel time vehicles used when optimal cycle lengths from Synchro are adopted, while 'Police' refers to travel time vehicles take when actual green times that police operated are in action.
The improvements are clearly examined since for all three intersections the significant dropdown of travel time only occurs from 17:00 to 19:00. Periodic cycle length most likely assists the flow rate during rush hours. However, travel time after cycle length recalculation for Fig. 7 from 15:00 to 17:00 are a little higher than the original. This is due to the fact that the traffic volume during that time as applied to SUMO is varying every 15 minutes, reflecting the real fluctuation of the traffic. Therefore, the optimization of the average traffic volume with periodic cycle may not out-perform the manual adaptive control, especially during the off-peak time, where manual operation can adapt to short burst of demand. Nonetheless, the overall results can still be considered as progress.
The reduction in travel time means the faster vehicles can travel. Table. 8 shows the percentage of travel time reduction after the change of the cycle length into value generated from Synchro. Noted that each intersection consists of four different directions. The data shown do not represent the improvement of travel time in each direction particularly.
Among the three intersections, Sathorn-Surasak, Narinthorn, and Wittayu, it is clearly visible that the average times during rush hours after the calculation are lower than the case as operated by police. It implies that the current manual operation can greatly be improved. 
Conclusion
This paper provides the results for optimal signal timing in every intersection along Sathorn road and compares the travel time before and after using periodic cycle time. The travel time presented suggests that periodic signal timing control from Synchro is better during rush hours since the outcomes display that travel times decrease. Although the results show clearly the significant improvements in each intersection, still further enhancement can be conducted.
It is also important to point out that several inputs are varied during trials. While inconclusive, it is found that the changes in startup lost time, volume and saturation flow can affect the results. Future study should be directed at the sensitivity analysis of input parameters that would affect the data for optimal cycle lengths. In particular, the effect of motorcycles, which is prevalent in Bangkok, should be tackled. Finally, at the time of the study, traffic data are scarce and expensive as they are collected manually. Fortunately, there are ongoing proposals that would install more traffic sensors in Bangkok. Hence, traffic data will be more abundant and more insights can be obtained in the near future.
